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The Truckee Meadows Water Reclamation Facility (TMWRF) has a waste load 
allocation (WLA) of 500 lbs/day for total nitrogen and a significant portion of the total 
nitrogen in TMWRF’s effluent is comprised of dissolved organic nitrogen (DON). This 
research addressed the treatability of DON collected from different process streams at 
TMWRF using ozone (O3) treatment and chemical treatment with various coagulants. 
With regard to ozone treatment, the change in bioavailability of DON was assessed 
following ozone treatment to identify if biological processes downstream of ozonation 
could remove DON effectively.  Ozone oxidation experiments were performed on both 
filter effluent and final effluent samples. Ozonation alone was able to decrease DON 
levels; however, the total nitrogen level did not decrease since nitrate (NO3
-) 
accumulation was equal to the DON removal.  Following the ozone oxidation 
experiments, samples of ozonated filter effluent were subject to continuous-flow 
biodegradation tests to identify whether ozonation increased the biodegradation potential 
of DON. Separate columns were inoculated with either nitrification or denitrification 
processes at TMWRF and then fed either filter effluent or ozonated filter effluent.  
Ozonation and ozonation with hydrogen peroxide (H2O2) addition both appeared to 
enhance DON removal in biologically-active columns compared to control columns 
without ozonation.  The change in DON, COD, pH, and other nitrogenous species 
throughout the biological active columns were measured. The best performance was 
observed in columns subject to O3 and H2O2 addition with DON levels reduced from 1.4 
mg N/L to levels as low as 0.8 mg N/L. An economic evaluation on a full-scale ozone 
 ii 
treatment system was performed. Chemical coagulation was performed on samples of 
TMWRF denitrification effluent using various doses and combinations of aluminum 
sulfate, ferric chloride, and the proprietary polymer Clarifloc®. The maximum observed 
DON removal when using aluminum sulfate was 59% at a combined dose of 24 mg 
Al2(SO4)3·14H2O/L and 2 mg/L polymer. When ferric chloride was used, the maximum 
observed DON removal was 46% at a dose of 100 mg FeCl3/L. Ferric chloride combined 
with polymer resulted in less DON removal than ferric chloride alone. In all jar test 
experiments, the total nitrogen decreased commensurately with dissolved organic 
nitrogen, suggesting adsorption during floc formation and removal during the settling 
phase. Ozonation, biodegradation, and coagulation were all shown to be viable treatments 
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Chapter 1: Introduction 
1.1 Dissolved Organic Nitrogen and Truckee Meadow Water Reclamation Facility 
The Truckee River is the primary water supply and resource for the Reno/Sparks (NV) 
area, in addition to other areas in the Truckee Meadows. The Truckee River originates at 
the outlet of Lake Tahoe and ends at Pyramid Lake. This makes it unique, as pollution 
that enters the river will stay within the system, or will need to be degraded. The Truckee 
Meadows Water Reclamation Facility (TMWRF) discharges into Steamboat Creek which 
flows into the Truckee River. TMWRF is the publicly owned WWTP for the 
Reno/Sparks community and primary wastewater discharge for the area. This means that 
TWMRF has regulations it must meet, including a regulation on total nitrogen discharge. 
The regulation on TWMRF for total nitrogen species as nitrogen is a total daily waste 
load allocation (WLA) of 500 lbs-N/day. This regulation is for total nitrogen species, 
which includes species of nitrogen that may be more difficult to monitor, remove, or may 
or may not be bioavailable. The treatment plant discharges into Steamboat Creek and 
allocates some effluent towards water reclamation projects. Dissolved organic nitrogen 
(DON) is a species of nitrogen that is particularly difficult to treat and is included in the 
total nitrogen WLA. Studies have shown that organic nitrogen, including both total and 
soluble components, can be a significant portion of total nitrogen. Four treatment plants 
in the northern California area, including South Lake Tahoe, had soluble organic nitrogen 
in secondary effluents ranging from 1.1 to 2.1 mg/L (Randtke et al., 1978). Eight 
treatment plants in Poland had levels of total organic nitrogen that made up 23-35% of 




Water Reclamation Facility has tertiary nitrification and denitrification processes that 
treat inorganic nitrogen species to very low levels. In 2002, it was reported that most of 
the total nitrogen (TN) in TMWRF effluent was composed of dissolved organic nitrogen 
(87%) (Garvey et al., 2002). The ability to remove a significant portion of DON in treated 
water would allow for a substantial increase in plant capacity, particularly for TMWRF. 
More data about how ozone affects the levels, fate, and production of DON would help to 
better understand how to utilize ozonation as a DON control strategy. 
 
1.2 Research Plan  
1.2.1 Ozonation of TMWRF Filter and Final Effluent 
Batch experiments were conducted to test the effect of ozone addition on one-liter 
samples of granular media filter and final effluent from TMWRF. Throughout each 
experiment, the concentration of various nitrogenous species, ozone levels in solution, 
and COD were measured at different time intervals. The first series of experiments 
focused on the effect of ozone addition to one-liter samples of final effluent that had been 
altered to various pH levels. The next set of trials studied the continuous addition of 
ozone to one-liter samples of either final or filter effluent for a time period of two hours. 
The methods used and data obtained in these experiments are presented in the following 
sections. 
 
1.2.2 Column Tests 
Columns packed with a selected media were inoculated with microbes from various 




column inoculation at the facility occurred over a period of approximately two weeks. 
After inoculation, columns were brought back to the UNR Environmental Engineering 
lab and operated with an up flow, submerged flow of approximately 1 mL per minute. 
Control columns were fed unaltered TMWRF filter effluent and experimental columns 
fed ozonated filter effluent. Nitrogenous species were measured in the column influent 
and effluent to determine if pre-ozone treatment of TMWRF filter effluent had an effect 
on the biodegradability of its dissolved organic nitrogen composition. Any change in 
chemical oxygen demand and pH levels from column influent and effluent were 
recorded. The results from the continuous ozone addition to batch samples of TMWRF 
final and filter effluent were used to select an optimum “ozonation” contact time for pre-
treatment of experimental sample feed to the inoculated columns.  
 
1.2.3 Ozone Dose Determination and Cost Estimation 
After all of the experiments had been completed, it was desired to identify the ozone dose 
applied to assist in the cost estimate portion of this research. An ozone monitor was 
borrowed from the City of Reno Stead Water Reclamation Facility and was connected to 
the ozone generator at UNR that was used for each experiment. The monitor provides 
both the airflow and ozone concentration (in percent) in the air provided by the generator. 
This was used to determine an “applied” ozone dose provided by the generator. The same 
experimental setup used to apply ozone in the previous trials was repeated again, but the 
system was closed off and the ozone monitor used to measure off-gas ozone 
concentrations. This, along with the “applied dose” allowed for the determination of the 




solution, estimated ozone consumed by reactions with products in the effluent, and 
known contact time were then used to determine a cost approximation for full-scale 
application of ozone application at TMWRF.  
 
1.2.4 Jar Tests 
Jar tests were conducted on samples of denitrification effluent from TMWRF to test the 
effect of coagulation and flocculation on residual DON concentrations. Denitrification 
effluent was selected in accordance with TMWRF stakeholders. If the treatment facility 
were to add coagulation / flocculation processes to assist with organic nitrogen removal, 
this would be the optimal location in the treatment train, because any residual solids 
could be removed in the filters prior to discharge. Jar tests were performed using various 
doses of aluminum sulfate (Al2(SO4)3·14H2O), ferric chloride (FeCl3), and/or the polymer 














Chapter 2: Literature Review 
2.1 Ozone Effects on DON 
The Truckee Meadows Water Reclamation Facility currently treats inorganic nitrogen 
species to very low levels, but very low levels of organic nitrogen in the effluent are 
difficult to achieve. Ozone may have the potential to break down the DON at TMWRF 
into smaller components, which can then be removed by existing processes. The exact 
composition of TMWRF DON is still unknown making it difficult to predict the effects 
of ozone treatment. Multiple studies have used amino acids as DON surrogate 
compounds to help model the effects of using ozone on water sources rich in organic 
nitrogen compounds.  
 
In a study by Mudd et al. (1969), various amino acids were individually tested to 
determine the effect of ozone on their concentrations in solution. In the study under 
standard conditions the ozone concentration was approximately 2x10-3 moles/min. Figure 
1 and Figure 2 show the concentration of individual amino acids studied in solution at 
various ozone concentrations and pH levels. Also displayed in the figures are some of the 
detected products of the amino acid reactions with ozone. When tyrosine was oxidized 
one of the resulting products was dihydroxyphylalanine (Figure 1). When cysteine 
reacted with ozone one of the resulting products was cysteic acid (Figure 2). 
Dihydroxyphylalanine and cysteic acid were not produced in 1:1 molar ratios with their 
respective reactants, suggesting other products were formed. In contrast, when 
methionine is oxidized with ozone methionine sulfoxide is produced in an exact 1:1 





Figure 1: Comparison of Tyrosine vs. Concentration of Ozone (Mudd et al., 1969). 
 
 





The concentration of both tyrosine and cystine remaining in solution decreased with 
increasing ozone dose. Tyrosine decreased at a higher ratio than cystine suggesting that it 
is more susceptible to oxidation by ozone than cystine. Furthermore, both amino acids 
showed greater removal at higher pH levels. This may be due to increased hydroxyl 
radical formation at higher pH levels. In this same study, mixed amino acids were tested 
in solution together. Figure 3 is an example of ozone’s effect on specific amino acids 
when in solution together.  
 




The graph shows two different mixtures of amino acids and their concentrations 
remaining in solution with increasing ozone doses. The mixture of amino acids in the top 
pane contained: cysteine, phenylalanine, histidine, tyrosine, tryptophan, and methionine. 
The products of the reactions were not measured during the experiments when multiple 
amino acids were subject to ozonation simultaneously (Figure 3). The mixture in the 
bottom pane did not contain tryptophan. The two amino acids that decreased the most in 
concentration were tryptophan and methionine. Cystine exhibited much greater oxidation 
when ozone was applied to the amino acid by itself (Figure 2) than when it was in 
solution with other amino acids (Figure 3). This suggests some amino acids may be less 
susceptible to ozone oxidation when they are in mixtures with other amino acids. In 
addition, this indicates that simply oxidizing amino acids may not change over organic 
nitrogen levels. Particularly for the sulfur containing amino acids, which would be 
oxidized to sulfoxide. This study helps to identify the effect of ozone on different organic 
nitrogen-containing molecular structures when they are in solution together.  
 
A more recent study was performed which tested the effects of ozone on proteins 


















Alanine Not Reactive 
Arginine Reactive 
Asparagine Not Reactive 
Asparic Acid Not Reactive 
Cystine Very Reactive 
Clycine Not Reactive 
Glutamic Acid Not Reactive 
Glutamine Not Reactive 
Histidine Reactive 
Isoleucine Not Reactive 
Leucine Not Reactive 
Lysine Not Reactive 
Methionine Very Reactive 
Phenylalanine Very Reactive 
Proline Not Reactive 
Serine Not Reactive 
Threonine Not Reactive 
Tryptophan Very Reactive 
Tyrosin Very Reactive 
Valine Not Reactive 
 
This study shows that similar to the study by Mudd et al. (1969), cystine and tryptophan 
appear to be reactive with ozone. However, many of the other amino acids do not appear 
to be reactive with ozone showing that it is more reactive and more “selective” for certain 
molecules. The reactivity of various amino acids to ozone depends on the exposure of the 
molecules to ozone. If ozone were to be applied to the wastewater stream at TMWRF the 
DON may have to compete with other species for contact time with the ozone molecules. 
 
One study focused on a series of physiochemical processes for DON removal from 

















3.3 86 24 25 
7.7 114 28 45 
9.1 193 37 50 
12.3 229 39 46 
 
 
Higher ozone doses in conjunction with higher pH levels resulted in increased DON 
removal. Due to the variability of both ozone dose and pH it is difficult to determine if 
DON destruction was due to the higher ozone concentration, pH level, or a combination 
of the two factors in this study. 
 
Protein structure may hinder the capability of ozone to react with the nitrogen groups of 
molecules. In one study, egg white proteins were ozonated and the change in solubility 
measured (Uzun et al., 2010). Figure 4 shows the concentration of the egg white protein 





Figure 4: Solubility of Egg White Protein with Increasing Ozone CT (Uzun et al., 2012). 
 
The triangles and dots on the figure represent two different ozonation techniques. The 
triangles were ozoanted by bubbling ozone gas directly through the sample while the dots 
were ozonated by preparing a concentration of ozone in water and then adding that water 
to the sample. The solubility of protein decreases with increasing duration of ozonation, 
indicating protein denaturation. This study showed the potential for degradation of an egg 
white protein in the presence of ozone. It is important to note that even though the protein 
was degraded, the products of the degradation were not reported in the study and the 
overall DON concentration in solution may remain unchanged. Treating organic nitrogen 
in the forms of amino acids and proteins with ozone has shown positive results and will 
be used for the treatment of DON in TMWRF filter and final effluent. DON in 




DON in TMWRF effluent has not been extensively studied so it is not clear how reactive 
it may be with ozone. Removal of DON by ozone has mostly been used in water 
treatment; for the purpose of this study ozone will be used to test the removal in 
wastewater. 
 
2.2 Removal of DON by Ozone & Biodegradation 
In a 1978 study conducted on multiple wastewater effluents, it was found that a dose of 
114 mg/L ozone can remove an average of 28% DON at a pH of 7.7 (Randtke et al., 
1978). This was done with an initial sample concentration of 1.74 mg DON/L bringing 
the final DON concentration to 1.26 mg/L after ozone. This value is similar to 
concentrations of DON that TMWRF experiences in their final effluent. The products of 
the reaction were not reported. 
 
It has been documented that some DON molecules may be more recalcitrant and resistant 
to oxidation than other organic nitrogen compounds (Uzun et al., 2012; Randtke et al., 
1978). One recent study focused on treating the recalcitrant fraction of DON in an 
effluent stream from a resin-producing factory (Aparicio et al., 2007). The wastewater 
stream initially contained high concentrations of organic carbon and organic nitrogen.  
Table 3 shows the initial concentration and other characteristics of the industrial 
wastewater stream and the “recalcitrant” concentration of DON and TKN after it was 







Table 3: Composition of Wastewater (Aparicio et al., 2007). 
Parameter Industrial wastewater Biologically treated effluent 
DOC (mg/L) 1,423.0–99.5 126.9–157.9 
TKN (mg/L) 467.8–492.3 157.2–161.8 
pH 6.3–7.0 8.6–8.9 
CH2O (mg/L) 2,087.0–2,200.0 0–10 
HCOOH (mg/L) 1,384.6–1,513.9 0–5 
CH3OH (mg/L) 240.0–264.1 0–5 
C6H6O (mg/L) 0.9–2.0 – 
 
 
The recalcitrant biologically treated effluent described in Table 2 was then subjected to 
ozonation at different doses and various pH levels. After ozonation, the stream was then 
again subjected to biological treatment under anoxic conditions. Measurements of 
organic carbon and nitrogen were then taken after the second biological treatment 
following ozonation. Two experimental set-ups were explored: constant ozone dose with 
varying pH levels, and varying ozone dose with a constant pH of 8.75. Table 4 and 
Figure 5 show percent of “recalcitrant” organic species removed after ozone treatment 
and biological degradation.  
 
Table 4: Removal of DOC and Organic Nitrogen (Aparicio et al., 2007). 











13.5 ± 1.6 
7.4 52 49 
8.75 55 41 







Figure 5: Percent Removal of DOC (grey bars) and DON (dotted bars) (Aparicio et al., 
2007). 
 
For the first experimental setup, an ozone dose of 13.5 mg/L/min was selected and pH 
values of 7.4, 8.75, and 11.0 were used. It was expected that at a higher pH more free 
radicals would be formed from the ozone and more COD and DON would be oxidized 
and removed. This did not occur. A higher pH of 11 resulted in less organic nitrogen 
removal (40%) than a lower pH of 7.4 (49%) (Aparicio et al., 2007). 
 
In the second experimental setup, various doses of ozone were applied to the biologically 
treated effluent stream at a constant pH of 8.75. Figure 5 shows that higher ozone doses 
resulted in higher removal percentages of both DOC and DON in the biological treatment 
process following ozone contact. Up to 80% of the previously recalcitrant organic 




al., 2007). This demonstrates that ozone can be successful in oxidizing organic material 
into biodegradable substance that would otherwise be resistant to treatment.  
 
In another study, ozone was bubbled through water at a concentration of 1.5-2.0 mg O3/L 
with a contact time of 30 minutes (Chu et al., 2012). This was done on a pilot-scale water 
treatment plant using lake water subject to nutrient enrichment and industrial pollution as 
the sample source. Figure 6 shows the treatment sequences of this plant with the 




Figure 6: Flow Chart of Pilot Water Treatment Plant (Chu et al., 2012). 
 
Samples were collected from each point and analyzed for NH4
+, NO2
-, NO3
-, DON, and 
total dissolved nitrogen (TDN). The combination of ozonation and biological filtration 
contributed to a 39% increase in DON removal, from 35% to 74%. 11% of the removal 
was purely due to ozonation and 28% was due to the addition of biological activated 
carbon filtration following ozonation. The results from their study along with their 
observations on the removal of NH4
+, NO2
-, NO3







Figure 7: Removal of Nitrogen Species due to O3 & BAC (Chu et al., 2012). 
 
This figure shows the percent removal of each constituent. The negative removal 
efficiency of NO3




- by the nitrifying bacteria present. This study focuses on DON 
removal during drinking water treatment. 
 
Wadhawan et al. (2014) also performed research on DON dynamics during drinking 
water treatment. The study focused on multiple techniques for removing DON from the 
city of Moorhead Water Treatment Plant influent and the biodegradability of the DON 
(Wadhawan et al., 2014). Figure 8 shows the sampling points from the pilot-scale study 
and Figure 9 the dissolved organic nitrogen (DON) and biodegradable dissolved organic 






Figure 8: City of Moorhead DW Study Sampling Locations (Wadhawan et al., 2014). 
 





The top of Figure 9 shows the total DON concentration and the bottom of the figure 
shows the biodegradable fraction of that DON. No ozone dose was cited in Moorhead 
Water Treatment Plant study. Very low concentrations of DON were observed at 
different points in the treatment train (0.3 mg/L DON). Coagulation and ozonation did 
not appear to reduce the overall DON concentration (Figure 9), but ozonation did appear 
to increase the biodegradability of the DON significantly. The majority of DON and 
bDON was removed during filtration. The filters were biologically active. This suggests 
ozonation followed by biological active filtration (BAF) may be able to achieve greater 
removal rates of DON than either of the processes by themselves. Up to 71% total DON 
removal was achieved with the BAF filters. 
 
While the study in Moorhead shows the potential for biological active filters to remove 
DON, another study by Fan et al. (2012) revealed that BAF can potentially release more 
DON into a system (Fan et al., 2012). The study focused on DON removal during 
drinking water treatment using O3 followed by biological activated carbon to prevent 
nitrogen disinfection by product formation. Figure 10 shows the treatment train of the 
drinking water plant and Figure 11 shows the DON concentration at corresponding 







Figure 10: Sampling Locations Full Scale Two-State O3-BAC (Fan et al., 2012). 
 
 
Figure 11: DON Concentration at Corresponding Sampling Location (Fan et al., 2012). 
 
Since this study dealt with drinking water, the DON concentrations were very low (<0.6 
mg/L).  The first ozonation chamber reduced the DON by 50% from 0.3 to 0.15 mg/L. 
The DON was then greatly increased by the first biological active carbon filter from 0.15 
mg/L to 0.6 mg/L. It was then decreased by ozonation again and subsequently increased 
by the last BAC filter. This may be due to transformation of DON to nitrate by ozone 
oxidation and then that nitrate transformed to organic nitrogen during biological growth. 






Very few studies have been performed on DON removal from wastewater. One recent 
study focused on ozone treatments of secondary treatments in wastewater plants. In the 
study, secondary effluent from Bhagwanpur Sewage Treatment Plant in Varanasi, India, 
was treated with varying concentrations of O3 for five minutes. Figure 12 shows the 




Figure 12: Removal of Total Nitrogen in Secondary Effluent (Tripathi et al., 2011). 
 
A maximum ozone exposure dose of 18 mg/L was achieved during the experiment. At 
that exposure a total nitrogen removal of 42% was achieved. This study also focused on 




although the regressions fit the data with linear trend lines, data for increasing ozone 
doses appear to reveal a leveling off of removal.  
 
2.3 Coagulation Effects on DON  
The presence of organic matter and nitrogen species in treatment plant effluent can result 
in issues such as downstream eutrophication and formation of disinfection byproducts 
during disinfection. Wastewater treatment plants (WWTPs) with conventional 
nitrification and denitrification processes typically achieve very low effluent 
concentrations of inorganic and organic nitrogen (Metcalf & Eddy, 2013). Despite having 
advanced nitrogen removal, a small portion of dissolved organic nitrogen has been shown 
to be recalcitrant through entire WWTP processes (Pagilla et al., 2008). These utilities 
with tertiary nitrogen removal processes that wish to achieve even lower levels (< 2 mg 
N/L) of effluent total nitrogen must focus treatment efforts on DON removal. 
 
Enhanced coagulation is typically used in water treatment plants to remove natural 
organic matter (NOM). The effectiveness of the treatment techniques employed typically 
depends on the characteristics of the source water. Natural organic matter and DON of 
higher molecular weights are generally more easily removed via coagulation and 
filtration (Bratby et al., 2008). The molecular weight of DON in a treatment system 
varies by source water and through the biological processes of WWTP processes (Bratby 
et al., 2016). For example, it is common for biologically-derived DON to increase during 
treatment whereas influent DON may be biodegraded. Based on previous research related 




removes hydrophobic organic matter over hydrophilic organic matter (Arnaldos and 
Pagilla, 2010). 
 
Due to the concern associated with nitrogenated disinfection byproducts in finished 
drinking water supplies, a good deal of research has been conducted on the fate of DON 
via a number of treatment processes prior to disinfection in water treatment plants. One 
survey by Liu et al. (2011) was conducted to investigate the variation of DON along the 
treatment train of a drinking water plant. Polyaluminum chloride (PACl) was applied 
during coagulation at a high dose of 75 ± 25 mg/L. The average DON concentration of 
the source water was about 1 mg/L with a DOC/DON ratio of 8.56. The variations in the 
dissolved inorganic nitrogen (DIN) and DON concentrations along the treatment train 
from source water through disinfection are displayed in Figures 13 and 14.  
 





Figure 14: Process Effluent DON Concentration (Liu et al., 2011). 
As shown in Figure 14, approximately 20% of DON was removed during coagulation / 
sedimentation treatment while an increase in the DON concentration was observed during 
biofiltration. Simultaneously, a steady decrease in total dissolved nitrogen concentration 
was observed. This suggests the incorporation of inorganic nitrogenous species into new 
biomass growth or decay through the treatment train. This was simply an observation 
investigation to track nitrogenous species throughout existing treatment processes; 
however, the results demonstrate how complex nitrogen dynamics may be observed 
within treatment systems. 
 
In a study by Lee et al. (2006), coagulation of various surface waters was conducted with 
aluminum sulfate and/or cationic polymer (polyDADMAC) to assess DON removal. The 




factors that influence performance. The surface waters studied had relatively low DON 
concentrations (average 0.19 mg N/L) and an average ratio of 18 mg DOC/mg DON. 
Table 5 shows the characteristics of the raw water that was subjected to the jar tests.  











Harwood Reservoir 6.5 0.272 97 7.6 42 
Huron River 7.4 0.352 49 8.2 208 
Salt River 3.9 0.245 73 8.1 140 
 
Jar tests were performed using varying doses of Al2(SO4)3·18H2O alone, polyDADMAC 
alone, and combined doses of the two. Coagulation with aluminum sulfate removed both 
DOC and DON with similar trends over various doses. Figure 15 shows the fraction of 
DON remaining in the samples after jar tests with various doses of aluminum sulfate and 
the polymer. Doses were selected based on Aluminum Sulfate:DOC values (0, 2, and 8 
mg/mg) and ranged between 0-60 mg/L of Alum. 
 





The three separate panels in the figure are for the three different source waters. The dose 
of polymer varies along the x-axis between 0-3 mg/L. The y-axis depicts the amount of 
DON remaining in the supernatant after the jar test as a fraction of the initial level. The 
different shades of data points (i.e., white circle, grey circle, black circle) represent the 
different doses of aluminum sulfate applied to the samples. Polymer addition alone 
showed little removal of DON. Polymer contains nitrogen and restabilization of 
molecules can actually cause an increase in DON concentrations as observed in the Salt 
River samples. The highest DON removal (>40%) was observed in the Harwood 
Reservoir sample with a combined dose of aluminum sulfate (8 mg Alum/mg DOC) and 
3 mg/L of polymer (Lee et al., 2006). This study shows the importance of optimizing 
coagulant doses and aids when utilizing coagulation-flocculation for water treatment.  
 
Scant literature was obtained for the integration of coagulation / flocculation in the 
treatment trains of conventional WWTPs. Recently, as wastewater treatment technologies 
have advanced and water scarcity issues have come to the forefront, water reuse 
applications have expanded. This has created a renewed focus on utilizing conventional 
drinking water treatment processes in wastewater facilities. One such study, published by 
the Water Resource Foundation addresses such processes. In the study, samples were 
taken from multiple WWTPs and subjected to coagulation jar tests with aluminum 
sulfate, precipitative softening jar tests, and activated carbon adsorption tests. Figure 16 






Figure 16: Effect of Coagulation on DON Removal (Krasner et al., 2008). 
 
An average DON removal of 20% was observed at an alum dose of 80 mg/L, however, 
this was largely dependent on which water sample was being treated. The facility with 
the highest effluent DON concentration (Metro District North Complex) had the most 
DON removed (30%) during coagulation. The Southerly WWT Center and Metro District 
North Complex are both similar to TMWRF in that they treat their effluent to very low 
nitrogen levels (< 3 mg N/L). Plants with lower effluent DON concentrations observed 
less removal during coagulation. In addition to coagulation jar tests, precipitative 
softening jar tests were conducted in the study. Figure 17 displays the average DON 





Figure 17: Precipitative Softening Removal of DOC and DON (Krasner et al., 2008).   
 
DON removal by precipitative softening achieved comparable DON removals as 
observed with alum coagulation. The pH during the softening process ranged from 9.3-
9.5 to 11.3-11.5, and an average DON removal of 20% was observed for the samples 
treated at the higher pH values. This study focused on data from multiple WWTPs with 
various treatment trains.  
 
Another survey was conducted by Bratby et al. (2008), which focused on DON removal 
via enhanced coagulation. Data concerning dissolved organic nitrogen concentration were 
obtained from a number of different wastewater treatment plants that utilize enhanced 
coagulation in their treatment trains. Figure 18 shows the initial DON concentration 





Figure 18: DON Concentration Pre / Post-Coagulation Treatment (Bratby et al., 2008). 
 
The results presented in Figure 18 represent a variety of coagulation and wastewater 
conditions. The data revealed that the amount of DON removed was typically dependent 
on the initial DON concentration. The average DON removal observed is approximately 
31% (Bratby et al., 2008). Coagulant doses and other initial water quality parameters 
besides DON were not reported in the study, so it is not clear if other factors play a major 
role in DON removal. 
 
A study by Dwyer et al. (2009) considered removal of nitrogenous organic compounds. 
Jar tests were conducted on samples from two wastewater plant effluents and a synthetic 
effluent for initial DON effluent concentrations of 1.90, 1.52, and 0.61 mg N/L, 
respectively. Supernatent from jar tests was then filtered through 0.45 µm Millipore 




dose of 30 mg/L. In addition to dose optimization, DON compounds were fractionated 
using molecular sieves before and after coagulation treatment. No significant removal of 
DON occurred in the < 10 kDa molecular weight fractions. The coagulation treatment 
was more effective at removing compounds which had molecular weights greater than 10 
kDa (Dwyer et al., 2009).  
 
In a study by Arnaldos and Pagilla (2010), enhanced coagulation followed by 
microfiltration was applied to wastewater samples from Stickney WWTP in Cicero, IL. 
The sample conditions prior to coagulation treatment are summarized in Table 6.   








NO3-   
(mg N/L) 
NH4+   
(mg N/L) 
1 7.7 140 1.2 15.8 0 
2 7.5 130 1.2 15.8 0 
3 7.5 160 1.1 9.9 0 
4 7.5 150 1.1 10.1 0 
5 7.8 130 1.1 12.3 0 
 
The average DON concentration before treatment was about 1.2 mg N/L and pH levels 
ranged from 7.5-7.8. The samples collected from Stickney WWTP were taken from the 
activated sludge secondary effluent and were filtered through a 0.45 µm filter. Samples 
were then subjected to jar tests with various doses of Al2(SO4)3·18H2O, and then filtered 
using nitrocelluse bottle top 0.22 µm pore size filters. The change in DON was measured. 
The percent of DON and dissolved phosphorus (DP) removed from coagulation / 




solution as a function of Al (III):DONInitial ratios. 
 
Figure 19: Effect of Increasing Al Doses on DON & DP (Arnaldos and Pagilla, 2010). 
 
 




A maximum DON removal of 69% was achieved at an aluminum dose of 3.2 mg Al 
(III)/L (Figure 19). This corresponds to an Al (III) / initial DON molar ratio of 1.5 
(Figure 20) and an aluminum sulfate dose of 35.2 mg/L. It was postulated that the 
primary mechanism for DON removal was adsorption due to stronger sweep flocculation 
conditions. The results reported by Arnaldos and Pagilla (2010) appear promising for 
enhanced coagulation and microfiltration as a viable treatment process for DON removal 
from low nitrogen effluent wastewater streams. However, there are marked differences in 
the results presented by Arnaldos and Pagilla (2010) and other studies discussed earlier 
(Lee et al., 2006; Krasner et al., 2008; Dwyer et al., 2009; Liu et al., 2011). Some studies 
showed a higher optimum aluminum sulfate dose (~80 mg/L) required for DON removal 
(Dwyer et al., 2009; Krasner et al., 2008). Others exhibited a much lower removal rate 
(maximum removal of ~40%) (Lee et al., 2006; Liu et al., 2011; Bratby et al., 2008). 
These studies mostly used aluminum sulfate and / or polymers as primary coagulants and 
coagulant aids. In a more recent study by Czerwionka et al. (2014), iron chloride, iron 
sulfate, and calcium hydroxide treatment were studied for relative effectives of DON and 
colloidal organic nitrogen (COD) removal from full-scale biological nitrogen removal 
activated sludge effluents from three treatment plants in Poland.  
 
Samples of secondary effluent were collected and subjected to jar tests with FeCl3, 
Fe2(SO4)3, or Ca(OH)2. After mixing, the jars were allowed to settle for a period of 60 
min. All samples (i.e., pre-coagulation and post-coagulation) were filtered through 1.2, 
0.45, and 0.1 µm nitrocellulose filters. For this study, CON was defined as molecules 0.1 




the DON and CON removed via coagulation and filtration and the corresponding 
coagulant type and dose. Also included in Table 7 are the DON and CON removal due to 
chemical precipitation with lime. Figures 21 and 22 show DON removal as a function of 
coagulant dose for each individual WWTP studied. 
Table 7: DON and CON Removal Due to Coagulation (Czerwionka et al., 2014). 







100 13 - 27 22 - 30 
200 23 - 41 31 - 50 
300 47 - 55 54 - 63 
Fe2(SO4)3 
100 5 - 20 16 - 23 
200 13 - 24 23 - 47 
300 22 - 40 41 - 53 
  pH Adjustment     
Ca(OH)2 
< 9.0 22 - 39 13 - 39 
11.0 - 11.5 37 - 56 37 - 67 
 
 






Figure 22: DON Removal vs. Fe2(SO4)3 Dose (Czerwionka et al., 2014).  
 
Average initial DON concentrations were as follows: Gdansk – 1.74 mg/L, Gdynia – 1.41 
mg/L, and Koscierzyna – 1.03 mg/L (Czerwionka et al., 2014). For comparison with 
previous results presented, at the 300 mg/L dose of Fe2(SO4)3, molar ratios of 
Fe(III)/DONInitial were as high as 30. This value is significantly higher than the molar 
ratio of 1.5 Al (III) / Initial DON reported by Arnaldos and Pagilla (2010) for optimum 
DON removal conditions (Figure 20). Dissolved organic nitrogen removal rates up to 
55% were observed when iron chloride was used as a coagulant (Figure 21). When iron 
sulfate was used, lower removal rates (5 – 40%) were observed (Figure 22). In both 






Lime precipitation at a final pH of 11.0 – 11.5 resulted in DON removal of 37 – 56% 
(Table 7). For comparison, much lower DON removal efficiencies were observed by 
Krasner et al. (2008) (Figure 17). The Truckee Meadows Water Reclamation Facility 
currently treats inorganic nitrogen species to very low levels, but achieving low levels of 
organic nitrogen in the effluent have proven difficult to achieve. The exact composition 


















Chapter 3: Methods and Procedures 
3.1 Nitrogen Analysis 
Laboratory analysis of all samples for nitrogenous species was conducted by using the 
Lachat FIA 8500. All samples were filtered through a 0.45 m filter prior to analysis.  
 
The ammonia was measured using Lachat QuikChem® Method 10-107-06-2-O. The 
Total Kjeldahl Nitrogen (TKN) was measured using Lachat QuikChem® Method 10-
107-06-2-E. DON was then calculated by subtracting the ammonia from TKN. The 
method detection limit of the Lachat SOP is 0.1 mg-N/L for TKN while the ammonia 
method had a detection limit of 0.011 mg-N/L. All values below TKN detection limit 
were reported as 0.05 mg-N/L.  
 
Nitrate and nitrite levels were determined using QuikChem® Method 31-107-04-1-H. 
The applicable range of the method is 0.25-30.0 mg-N/L (NO2
- + NO3
-) with a detection 
limit of 0.025 mg-N/L (NO2
- + NO3
-). The nitrite concentration was determined by 
keeping the cadmium column off-line. The combined nitrite and nitrate concentration was 
then taken with the cadmium column on-line, and the nitrate concentration determined by 
subtracting the difference between the two. 
 
3.2 Chemical Oxygen Demand 
The chemical oxygen demand of samples was determined using Hach Test Method TNT 




analysis. The method has a range of 3-150 mg COD/L and a 95% confidence interval 
range of 72-78 mg COD/L. 
 
3.3 Ozone Concentration in Solution 
During the ozonation batch experiments, ozone concentration in solution was determined 
at different time intervals. This was done using the Indigo Colorimetric Method 
(Standard Methods 4500-O3 B). The spectrophotometric procedure for target ozone 
concentrations greater than 0.3 mg O3/L was followed. No interference was expected 
from manganese or organic peroxides, but chlorine may have interfered with 
measurements ± 0.1 mg O3/L. No corrective measures were taken. 
 
3.4 Ozonation of Final Effluent with pH Adjustment 
Batch experiments were performed in order to determine the effect of ozonation on DON 
and COD concentrations in the final effluent from Truckee Meadows Water Reclamation 
Facility at varying pH levels. 
 
Five-liter samples of TMWRF final effluent were taken about 5:00 PM on 2/4/2017, 
transported to UNR, stored at 4-6°C overnight, and then analyzed the following morning 
at 9:00 AM. Samples were passed through a 0.45 m filter, and then three 1-liter glass 
graduated cylinders were filled with sample. The pH of two of the samples in two of the 
cylinders was adjusted using 1 M NaOH. The result was three 1-liter glass cylinders 
filled with sample each with a different starting pH level. The pH level of the sample in 




fume hood and ozonated for 20 minutes. Figure 23 shows the experimental set-up of the 
glass cylinder, sample port, and ozone generator. 
 
Figure 23: Lab-Scale Ozone Application Apparatus. 
 
The generator used was an O3 Associates Model AS-12 and was fed pure oxygen. The 
ozone generator used has a maximum airflow of 3.1 liters/minute. The generator was 
allowed to warm up for 10 minutes before placing the diffuser into the sample cylinder. 
Ozone was applied to the bottom of the glass cylinder using a glass diffuser. Samples 
were taken from the cylinder using a stainless steel sample port at approximately half the 
height of the glass cylinder. They were taken at time intervals of 0, 1, 5, 10, and 20 
minutes. Samples taken were immediately analyzed to determine the aqueous ozone 
concentration at that point in time. The COD concentration and concentration of various 






3.5 Ozonation of Final & Filter Effluent for Extended Time 
Batch experiments were performed in order to determine the effect of ozonation for a 
time period of 2 hours on DON and COD concentrations in the final effluent and filter 
effluent from Truckee Meadows Water Reclamation Facility.  
 
Five liters of TMWRF final effluent was collected on 3/6/2017, transported to UNR, 
stored at 4-6°C overnight, and then analyzed the following morning. The sample was 
then passed through a 0.45 m filter and then placed in a 1-liter glass graduated cylinder. 
The sample was then ozonated for 2 hours with samples being pulled from the cylinder at 
time intervals of 0, 10, 20, 40, 60, 90, and 120 minutes. The ozonation set-up and 
procedure is outlined in Section 3.4 and Figure 23. Samples taken were immediately 
analyzed to determine the aqueous ozone concentration at that point in time. The COD 
concentration and concentration of various nitrogen species were then also measured for 
each sample. Results are displayed in Section 4.2. 
 
This experiment was then conducted again for a sample of TMWRF filter effluent. The 
filter effluent sample was collected on 3/7/2017. Results are displayed in Section 4.2. 
 
3.6 DON Biodegradation Study 
3.6.1 Column Inoculation 
Two one-foot long ¾” identical PVC pipes were inoculated downstream of the 
nitrification towers, and two were inoculated downstream of the denitrification facility. 




growth media (Body Benefits by Body Image®). The flow path in each column was 
downward with a hydraulic retention time of approximately 10-15 minutes. The top of 
each PVC column was covered with aluminum foil to reduce algae growth. Inoculation of 
the columns took place for 21 days (2/15-3/8/2017) at which point the columns were 
transferred to the Environmental Engineering laboratory at UNR for lab-scale operation. 




Figure 24: Column Inoculation at TMWRF. 
3.6.2 Column Operation & Lab Sampling 
In order to more effectively perform lab-scale sampling and analysis, a reduced flow in 
each column was desired. Once in the lab the inoculated media from each of the four 
columns was transferred into new one-foot long ½” schedule 40 PVC pipe to allow for a 
reduced flow. The flow to each column was provided in an upflow configuration for a 




was not recycled through the columns (i.e., single pass). One column from each 
inoculation point was fed TMWRF filter effluent, and one column from each point was 
fed TMWRF filter effluent that had been ozonated. Figure 25 shows the experimental 
setup in the laboratory. 
 
 
Figure 25: Laboratory Set-Up for Biodegradation Study. 
 
Eight-liters of TMWRF filter effluent was ozonated for 30 minutes directly in high 
density polyethylene (HDPE) containers. The containers were selected due to HDPE’s 
high compatibility with ozone. The half-life of ozone in water at 20°C is 20 minutes; 
hence, the containers were allowed to sit for six hours after ozonation to ensure negligible 
residual ozone concentration in the biological active column influent (Hoigne, 1988). 
Both control and experimental columns were allowed an eight day acclimation period 





Control columns were continuously fed filter effluent while the experimental columns 
were continuously fed ozonated filter effluent. The column feed was changed every three 
days. After column feed was changed, the columns were allowed to operate for at least 12 
hours before samples would be drawn from the column effluent.  
 
After 24 days of operation, the experimental column feed was changed from ozonated 
filter effluent to filter effluent with ozonation and H2O2 addition at a concentration of 5 
mg/L. The columns were allowed 4 days to equilibrate to the new conditions, at which 
point samples began to be taken. 
 
All samples were analyzed for COD, pH, NO2
-, NO3
-, NH3, and TKN. 
 
3.7 Applied Ozone Dose Determination 
3.7.1 Ozone Supplied By Generator 
Experiments were performed to determine the ozone supplied by the generator at UNR 
and the amount of ozone consumed by reactions with the samples from TMWRF. In 
order to determine the amount of ozone supplied by the generator, the airflow exiting the 
generator was connected directly to an ozone monitor. The ozone monitor used was a 
NEMA Ozone Monitor Model 460M by Teledyne Instruments. The airflow of both the 
generator and the monitor were set at 2.5 LPM. The monitor measures ozone in percent 
weight of ozone of feed air. The feed supplied was pure oxygen. At a generator voltage 
setting of 100%, the ozone concentration produced exceeded the 5% maximum detectable 




ozonation of TMWRF effluent had been performed at 100% voltage setting. Therefore, in 
order to estimate the amount of ozone produced by the generator at 100% voltage setting, 
ozone concentration readings were taken at various voltage settings below 100% and 
plotted to extrapolate data from the settings. The ozone detector could measure up to 70% 
of the voltage level used during experiments. 
 
3.7.2 Ozone Off-Gas Concentration 
After the amount of ozone produced by the generator was estimated, trials were then run 
to determine the off-gas ozone concentrations from the previous experiments. One-liter 
samples of TMWRF final effluent were used, and an experimental setup was created in 
accordance with Figure 23. The top of the graduated cylinder in the setup was capped to 
create a closed system. The analyzer was connected so as the only way air-flow could 
escape the system was through the analyzer. Off-gas ozone concentrations were then 
measured at various voltage settings and over varied time intervals. At 100% voltage 
setting, the off-gas concentration was within the 5% detectable range of the analyzer, but 
outside of the 0-2% calibrated range of the analyzer. The concentration of ozone in 
solution was also measured for each trial using the procedure outlined in Section 3.4 and 
the Indigo Colorimetric Method.  
 
In addition to the one-liter experimental setup used above, another experimental set-up 
was constructed to replicate the ozonation of the eight-liter filter effluent samples that 
were used to obtain the data for the biodegradation column experiments. This was to 




biodegradation study. Eight-liters of TMWRF effluent was ozonated directly in HDPE 
containers, but this time the system was closed so the off-gas was directed to the 
analyzer. This was also done for various voltage settings over time intervals. Ozone 
concentration in solution was also measured.  
 
3.8 Jar Test Procedure 
Samples were collected from the denitrification effluent at TMWRF in HDPE containers. 
Samples were transported to UNR and maintained at 4°C in a walk-in refrigerator before 
jar testing. During the preliminary experimentation period, jar tests were performed on 
multiple samples with various chemical dose ranges in order to optimize turbidity 
removal. It was postulated that higher turbidity removal, coupled with higher sludge 
production would result in higher dissolved and colloidal organic nitrogen removal 
during flocculation. This is based on an asumption that the DON may possibly be 
removed via adsorption or sweep flocculation as described in the literature review.   
 
Tests were performed with a Phipps & Bird PB-900 jar test aparatus with multiple stirers 
operating at the same rotational speed. Each aparatus contained six 2-liter beakers. 
Immediately after coagulant addition, containers were subjected to a rapid mix cycle of 
300 rpm for 1 minute. This was followed by mix cycles of 15 rpm for 10 minutes and 10 
rpm for 5 minutes. Finally, the samples were allowed to settle for 10 minutes without 
mixing. Final turbidity and pH values were then recorded. At the end of the jar test, 




through a 0.45 µm filter. The sample was covered with parafilm and stored overnight at 
4°C prior to further chemical analysis.  
 
Preliminary experiments indicated maximum turbidity removal with aluminum sulfate at 
a dose of 24 mg Al2(SO4)3·14H2O/L and with ferric chloride at a dose of 100 mg 
FeCl3/L. Following the preliminary experimentation period, tests were conducted on set 
coagulant ranges with the goal if identifying nitrogen and COD removal at different 
doses. The five aluminum sulfate doses used in the experiments were: 8, 16, 24, 32, and 
40 mg Al2(SO4)3·14H2O/L. Controls with no coagulant were also subjected to testing 
protocol to establish a baseline for comparison purposes. The range of ferric chloride 
doses tested included: 25, 50, 75, 100, 125, and 150 mg FeCl3/L. Three replicate 
experiments were conducted at each dose.  
 
In addition to the metal salts, the polymer Clarifloc® (diallyldimethylammonium 
chloride, polyDADMAC) was used as a coagulant aid at optimum coagulant doses. The 
coagulant is manufactured by POLYDYNE INC®. The optimum doses selected based off 
of maximum turbidity removal were 24 mg Al2(SO4)3·14H2O/L and 100 mg FeCl3/L. At 
each of these doses, polymer doses were varied and included: 0.5, 1.0, and 2.0 mg/L. 
Three replicate experiments were conducted at each dose. 
 
All samples were then analyzed for COD, NO2
-, NO3
-, NH3, and TKN using methods 




Chapter 4: Results and Discussion 
 
4.1 Ozonation of Final Effluent with pH Adjustment – Results 
 
4.1.1 Ozone Concentration Profile 
 
The final pH of each of the three samples of final effluent before ozonation were 7.6, 8.3, 
and 8.8. During the experiment, ozone concentrations in the treated effluent were 0.37 
mg O3/L – 5.17 mg O3/L. Figure 26 shows the ozone concentration in solution at 
different time intervals for the sample at varying pH levels. Although the aqueous levels 
varied with time, all three pH conditions appeared to achieve ozone levels between 4 – 
5.5 mg/L at times above 10 minutes.  
 
Figure 26: Ozone Profile at Varying pH Levels. 
 
As depicted by Figure 26, at the one minute mark ozone concentrations were low. This 
suggests that the applied ozone may rapidly be reacting with material in the sample. 





































At a pH of 8.8 the concentration was 2 mg/L and for an unaltered pH of 7.6 the 
concentration was 0.5 mg/L. After 5 minutes of continuous ozone application, ozone 
concentrations leveled off to around 4-6 mg/L. This represents a kinetic equilibrium. 
After this point in time any additional ozone that was added to the system was consumed 
in reactions with substances left in the sample. 
 
4.1.2 Nitrogen Speciation Profile 
During ozonation, a decrease in dissolved organic nitrogen was observed. Nitrite and 
ammonia levels remained lower than the method detection limit, and nitrate increased at a 
commensurate rate of DON reduction. Figures 27-29 depict the concentration of organic 
and inorganic nitrogen species at different points in time during ozonation at the three pH 
levels.  
 






































Figure 28: Nitrogen Species Profile for pH = 8.3. 
 
 





































































The initial concentration of DON was 1.5 ± 0.05 mg N/L and the final concentration was 
1.3 ± 0.05 mg N/L for all three pH values. Nitrate levels increased from 0.2 mg N/L to 
0.4 ± 0.05 mg N/L. A larger decrease in DON concentration was not observed at higher 
pH levels for the same sample. This is not consistent with what was observed by Mudd et 
al. (1969). Tyrosine and cysteine have been shown to have higher conversion potential by 
ozone application at higher pH levels (Mudd et al., 1969). Again, it is important to note 
that in this study the organic nitrogen was not actually destroyed, it was simply converted 
into another form (i.e. tyrosine to dihydroxyphenylalanine; Figure 1). This suggests that 
the DON in the wastewater train at TMWRF may be more recalcitrant and composed of 
more complex molecules than simple amino acids such as tyrosine and cysteine. 
 
4.1.3 Total Nitrogen Profile 
Figures 30-32 show the organic and inorganic nitrogen species for each sample stacked 
vertically to depict the total nitrogen concentration profile during different ozonation time 
intervals. The total nitrogen remained fairly constant at 1.8 ± 0.08 mg N/L suggesting 
that nitrogen was not leaving or entering the batch system as it was transformed from 





Figure 30: Total Nitrogen Concentration of Sample (pH = 7.6). 
 
 









































































Figure 32: Total Nitrogen Concentration of Sample (pH = 8.8). 
 
4.1.4 Chemical Oxygen Demand Profile 
The chemical oxygen demand of samples are depicted in Figure 33. The initial 
concentration for each 1-liter sample was about 31 mg COD/L. This dropped off rapidly 
suggesting that some of the oxidation potential of the O3 applied to the system was 
oxidizing the COD in the system. After a 20-minute reaction period, the COD had been 








































Figure 33: Chemical Oxygen Demand Profile. 
 
4.1.5 Ozonation of Final Effluent with pH Adjustment – Conclusion 
Truckee Meadows Water Reclamation Facility final effluent had ozone applied for a 
period of 20 minutes in order to assess the potential for reduction of their organic 
nitrogen residual with ozone. This was performed on unaltered final effluent and on final 
effluent with elevated pH levels.  
 
Over the 20 minutes of constant ozonation, the COD concentration for the sample was 
reduced from 31 mg COD/L to an average of 11 ± 2 mg COD/L; a decrease of 64.5%. 
While the COD of the sample decreased rapidly when O3 was applied, the organic 
nitrogen proved to be much more recalcitrant. Figure 34 shows the dissolved organic 






































Figure 34: Dissolved Organic Nitrogen Profile for Final Effluent. 
 
 
DON concentrations were reduced from 1.5 mg N/L to 1.3 ± 0.05 mg N/L. For an 
average decrease of 12.7%. Higher pH levels did not result in greater overall DON 
destruction. As DON decreased, nitrate increased in the system. An average nitrate 
increase of 0.19 mg N/L was observed. Total nitrogen remained unchanged in the system 
throughout ozonation. Table 8 summarizes the changes in DON and nitrate observed in 
each system. 
 
Table 8: Change in Nitrogen Species at Varying pH Levels. 
Nitrogen Species pH = 7.6 pH = 8.3 pH = 8.8 
Initial DON (mg/L) 1.49 1.56 1.49 
Final DON (mg/L) 1.32 1.34 1.29 
Change -11% -14% -13% 
Initial NO3
- (mg/L) 0.2 0.19 0.17 
Final NO3
- (mg/L) 0.35 0.36 0.41 





































4.2 Ozonation of Filter and Final Effluent for Extended Time – Results 
All prior ozonation experiments on TMWRF final effluent were done for a time period of 
20 minutes at varying pH levels. To identify if there was any difference in DON 
destruction after that 20 minute time period, extended ozonation runs were performed for 
120 minutes. This was done to observe if the rate of DON destruction changed after COD 
concentrations had bottomed out. These extended ozonation runs were performed both 
TMWRF filter and final effluent.  
 
4.2.1 Ozone Concentration Profile 
Ozone concentrations varyed over time and for each sample. The concentration of ozone 
in aqeous solution observed for final effluent ranged from 3.88 – 5.79 mg O3/L and from 
3.94 – 8.74 mg O3/L for filter effluent. Figure 35 shows the ozone profile over time for 
the two samples. The decrease in ozone concentration observed after 90 minutes may 
have been caused by a decrease in ozone input to the sytem due to overheating of the 




Figure 35: Ozone Profile for 120-Minute Experiments. 
 
4.2.2 Nitrogen Speciation Profile 
Similar to previous experiments, a decrease in dissolved organic nitrogen was observed 
during ozonation. Nitrite and ammonia levels remained lower than the method detection 
limit, and nitrate increased at a commensurate rate to DON reduction. Figures 36 and 37 
show the concentration of organic and inorganic nitrogen species at different points in 
time during ozonation. The DON concentration of TMWRF filter effluent was reduced 
from 1.1 mg N/L to 0.53 mg N/L. For TMWRF final effluent, the DON was reduced 
from 1.0 mg N/L to 0.54 mg N/L. Nitrate levels increased by 0.39 mg N/L for filter 












































Figure 36: Nitrogen Species Profile for TMWRF Filter Effluent. 
 
 































































4.2.3 Total Nitrogen Profile 
Figures 38 and 39 show the organic and inorganic nitrogen species for each sample 
stacked vertically to depict the total nitrogen concentration profile during different 
ozonation time intervals. The total nitrogen of the final effluent sample was 1.06 ± 0.03 
mg N/L, and the total nitrogen of the filter effluent sample was 1.2 ± 0.03 mg N/L. The 
total nitrogen of each sample remained fairly constant throughout ozonation suggesting 
that nitrogen was not leaving or entering the batch system. This was the case for both 







































Figure 39: Total Nitrogen Concentration of TMWRF Final Effluent. 
 
4.2.4 Chemical Oxygen Demand Profile 
The chemical oxygen demand of both filter and final effluent samples are depicted in 
Figure 40. The initial COD concentration of the filter effluent was 25 mg COD/L, and the 
initial concentration of the final effluent was 17 mg COD/L. The COD for both samples 
droped off rapidly and was below the method detection limit of 3 mg COD/L after 60 
minutes of ozonation. There may still be some chemical oxygen demand left in the 



































Figure 40: COD Concentration of Ozonated Filter and Final Effluent Samples. 
 
4.2.5 Ozonation of Filter and Final Effluent for Extended Time – Conclusion 
Truckee Meadows Water Reclamation Facility filter and final effluent samples had ozone 
applied for a period of 120 minutes in order to assess the potential for reduction of their 
organic nitrogen residual with ozone. 
 
Over the 120 minutes of continuous ozonation, the COD concentration for each sample 
was reduced to levels below the method detection limit (3 mg/L). While the COD of the 
sample decreased rapidly when O3 was applied, the organic nitrogen proved to be much 




































Figure 41: DON Profile for Ozonated Filter and Final Effluent Samples. 
 
DON concentrations were reduced from 1.1 and 1.0 mg N/L to 0.55 ± 0.05 mg N/L for 
filter and final effluent, respectively. The filter effluent DON experienced a 50% 
reduction and the final effluent DON a 45% reduction over the two-hour time period. 
Nitrate increased at a commensurate level with DON destruction. 
 
There was no observable difference in the DON reduction of TMWRF filter effluent 
compared to final effluent samples; suggesting that their potential for oxidation by O3 is 
relatively similar. In addition, after COD levels were reduced to below detection limits 
there was no measurable increase in DON destruction. This suggests that the 
recalcitrance of the DON residual in TMWRF effluent is due to the physio-chemical 


































the ozone. It is also possibly due to competition between DON and COD during 
ozonation.  
 
4.3 DON Biodegradation Study – Results 
The focus of this portion of the study was to measure the change in bioavailability of the 
dissolved organic nitrogen in TMWRF’s filter effluent after treatment with ozone.  
 
4.3.1 Total Nitrogen and DON Removal of Columns 
Figures 42 and 43 show the dissolved organic nitrogen entering and exiting the columns, 
and Figures 44 and 45 show the total nitrogen entering and exiting the column systems. 
The x-axis in each figure corresponds to the number of days after the flow had been 
changed to up-flow conditions in the lab at UNR. The experimental setup and sampling 

















































































































































The total nitrogen entering both column sets (i.e., non-ozonated and ozonated) was within 
5-10% for each sampling period (Figures 44 and 45). This means that during ozonation of 
the filter effluent there was minimal nitrogen removal due to ozonation. This is consistent 
with the findings reported in Section 4.2 that ozonation did not alter the total nitrogen, it 
merely transformed some of the DON into nitrate. Overall, the experimental columns 
were able to remove about 15% of total nitrogen from the feed and the control columns 
removed around 8% total nitrogen from the feed. This difference is most likely due to the 
susceptability of the DON to biodegradation after ozonation.  
 
The concentration of DON entering the experimental columns was slightly less than the 
DON entering the control columns (Figures 42 and 43). This was due to conversion of a 
portion of the DON into nitrate during ozonation. There was not a discernable difference 
in the amount of DON that was removed by the columns inoculated downstream of 
nitrification compared to the columns inoculated downstream of denitrification. 
However, both experimental columns which were fed ozonated filter effluent exhibited 
almost twice the DON removal over the control columns which were fed regular filter 
effluent. Figure 46 shows the percent of DON removed from the column influent for all 
four columns. Figure 47 shows the percent removed when the control columns are 
averaged together and the experimental columns are averaged together. In the box and 
whisker plots, the boxes represent the first and third quartile with the center as the 
median. The whisker lines extending from the boxes represent the minimum and 






Figure 46: Percent Removal of DON for Each Column. 
 
 







































































The control columns were able to remove an average of 14% of the influent DON. The 
columns that were constantly fed ozonated filter effluent exhibited greater than 30% 
DON removal. Ozonation of TMWRF filter effluent increased it’s overall bioavailability 
to this system by about 15%.  
 
4.3.2 DON Biodegradation Study – Conclusion 
Ozonation of the filter effluent from TMWRF did increase its biodegradability by about 
15%. Also, the amount of total nitrogen removed from the columns varied from 8% for 
the control to 15% for the experimental columns. This is consistent in other findings that 
oxidation of organic nitrogen specicies can reduce molecules to smaller compounds that 
may be more biodegradable within biological filters (Aparicio et al., 2007; Chu et al., 
2012; and Fan et al., 2012). Further studies should be performed with varying flow rates, 
ozone doses, and microbial communities to determine if higher DON and TN rates can be 
achieved. 
 
4.4 DON Biodegradation Study with H2O2 Addition – Results 
After about three weeks of laboratory column operation, hydrogen peroxide was added to 
experimental column feed during ozonation. This was done to identify the effect of H2O2 
addition on DON destruction during ozonation and the potential increase in DON 
biodegradability due to H2O2 addition during ozone treatment. A 5 mg/L dose of H2O2 
was added to the 8-liter filter effluent samples during ozonation. Based on the literature, 




enhancing hydroxyl radical formation (Crittenden et al., 2012). This section is a summary 
of the results obtained with H2O2 addition. 
 
4.4.1 Total and Dissolved Organic Nitrogen Removal 
Figures 48 and 49 show the DON removed by the control and experimental columns and 
Figures 50 and 51 show the total nitrogen removed from the system by the columns. The 
experimental columns were fed ozonated feed up until the 20th day. After twenty days of 
operation, hydrogen peroxide was added to the filter effluent during ozonation. The 
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The DON removal rate in the control columns (no O3 added) for days 28-31 is consistent 
with removal rates for days 8-20 at around 15% removal due to biodegradation alone. 
The total nitrogen removal for days 28-31 is also consistant with removal rates for days 
8-20 at around 8%. This confirms that the control column systems maintained constant 
performance throughout the entire study period.  
 
The total nitrogen removal of experimental columns increased after hydrogen peroxide 
was added to the sample during ozonation. The average total nitrogen removal for days 8-
20 with ozonation alone was 15%. The average total nitrogen removal for days 28-31 
with ozonation in the presence of H2O2 was 26.5%. This increase may be due to the DON 
being more biodegradable after ozonation with hydrogen peroxide as compared to 
ozonation alone. The nitrogen may be leaving the system as nitrogen gas or incorporated 
in biomass within the column. 
 
The DON removal of the experimental columns increased slightly after hydrogen 
peroxide was added to the sample during ozonation. Figure 52 shows the DON removal 
due to biodegradation for each column system and feed condition. The data from the two 






Figure 52: Percent DON Removed by Inoculated Columns. 
 
The average DON removal rate in the experimental columns receiving ozonated feed 
during days 8-20 was 30% and for days 28-31, it was about 39%. This may be due to 
increased DON oxidation during ozonation from the addition of H2O2. The average DON 
removal from control columns remained constant around 15%. 
 
4.4.2 COD Removal from O3 and Biodegradation 
In addition to dissolved organic nitrogen, TMWRF’s effluent also contains organic 
carbon species. In order to better characterize the effluent and determine where other 
ozone demand is being exerted, chemical oxygen demand measurements were taken 






























oxygen demand from ozone oxidation and subsequent biodegradation are shown in 




Figure 53: Chemical Oxygen Demand Removal from Inoculated Columns. 
 
The removal of COD with biodegradation alone (no ozonation) was around 5%. If the 
sample of filter effluent was ozonated, the total removal of COD was approximately 
52%. The majority of COD removal occured during ozonation (about 35%) with the 
remainder removed in the columns by biodegradation. This is interesting as the DON in 
TMWRF’s effluent has shown to be much more recalcitrant with removal rates around 
15-20% during ozonation. When hydrogen peroxide was added during ozonation, the 




































during column treatment. This is most likely due to increased hydroxl radical formation. 
This is similar to the organic nitrogen species in that the COD appears to become more 
readily biodegradable after ozone application.  
 
4.5 Overall DON Reduction Due to O3 and Biodegradation 
This is a summary of the various mechanisms used in the column study and the overall 
DON removal that was observed. Figure 54 shows the initial and final DON 
concentrations for each column experiment with both sets of innoculated columns (i.e., 
nitrifying and denitrifying) averaged together. Figure 55 shows the initial and final total 
nitrogen concentrations for each column experiment with both sets of innoculated 
columns (i.e., nitrifying and denitrifying) averaged together. 
 
 






























Initial (N=12) Ozone Only (N=8)
Ozone + Hyd. Peroxide (N=8) Biodegradation Only (N=24)





Figure 55: Average Total Nitrogen Concentration. 
The largest potential for DON reduction from TMWRFs wastewater stream (post 
filtration) was observed by combining ozonation followed by biological treatment. An 
average reduction of 35% from 1.4 mg DON/L to 0.9 mg DON/L was achieved. When 
hydrogen peroxide was added during ozonation, even greater DON reduction (43%) was 
observed.  
 
It is also important to recognize that while a combination of ozonation and 
biodegradation has the potential for DON reduction, only a very small portion of the total 
nitrogen was removed during the column experiments without H2O2 addition (Figure 55). 
Some of the nitrogen was transformed to nitrate, while some was utilized for microbial 
growth. As shown in Figure 55, ozonation alone had no effect on total nitrogen 
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nitrogen removal (26.5%) occurred during the column experiments when H2O2 was used 
in conjunction with ozonation. The fate of this nitrogen is unknown, but it could possibly 
have been incorporated with biomass growth or released as N2. In order to fully remove 
the nitrogen the nitrate would need to be recycled or the biomass growth removed from 
the system.  
 
4.6 Coagulation Study Results 
4.6.1 Aluminum Sulfate 
Preliminary experiments were initially performed to identify an optimum range of 
aluminum sulfate doses based off of maximum turbidity removal. DON, COD, and other 
chemical parameters were not tested during this set of experiments. Figure 56 shows the 
results for turbidity removal at different aluminum sulfate doses. 
 
Figure 56: Turbidity Removal vs. Al2(SO4)3·14H2O Concentration. 
 

























mg/L. Higher doses of aluminum sulfate (> 20 mg/L) resulted in less turbidity removal 
and less sludge production during the jar tests. Following initial tests aimed at 
determining the optimum dose, a jar test was performed at a constant dose of 20 mg 
Al2(SO4)3·14H2O /L with varying initial pH values to elucidate the effect of pH on 
chemical treatment with aluminum sulfate. Figure 57 shows the turbidity removed vs. 
initial pH at a constant dose of 20 mg/L. 
  
Figure 57: Turbidity Removal vs. Initial pH for 20 mg/L Dose of Aluminum Sulfate. 
 
The maximum turbidity removal (76%) occurred at an initial pH of 7.49. When the initial 
pH was decreased to 6.5, the amount of turbidity removed during the jar test dropped 
markedly from ~70% to 47%. Jar tests were performed on the denitrification effluent 
from TMWRF, which has a typical pH range of 7.5-8.2. It was therefore determined that 






























70% for pH values between 7.02 and 8.4. 
 
This portion of the study focused on DON removal via coagulation and flocculation at 
various doses of aluminum sulfate with and without the polymer Clarifloc®. Triplicate 
experiments were performed for all doses tested. Dose ranges were selected based off the 
preliminary experiments (Figures 56 and 57) to identify optimum aluminum sulfate 
concentrations for turbidity removal. All error bars on the following figures represent the 
standard deviation from triplicate samples. Figure 58 shows the average turbidity and 
DON removed as a function of aluminum sulfate dose.  
 
Figure 58: DON and Turbidity Removal vs. Al2(SO4)3·14H2O Concentration. 
 
A maximum turbidity removal of 75.6% was observed when using a dose of 24 mg 
Al2(SO4)3·14H2O/L for coagulation. This corresponds to a DON removal of 30.3%. The 






























testing at the 24 mg Al2(SO4)3·14H2O /L dose was 0.81 mg/L. At aluminum sulfate doses 
above 24 mg/L, both turbidity removal and DON removal appear to decrease. This 
initially indicates some correlation between turbidity and dissolved organic nitrogen. The 
pH was also monitored throughout the experiments. Figure 59 shows the pH as a function 
of coagulant dose. 
 
Figure 59: Final pH as a Function of Al2(SO4)3·14H2O Concentration. 
 
The initial pH of the sample was approximately 7.8, and the pH decreased 
commensurately with an increase in aluminum sulfate addition. A dose of 40 mg 
Al2(SO4)3·14H2O /L decreased the pH by 1.8 units down to a final pH of 6. 
 
Chemical oxygen demand (COD) concentrations were also measured throughout the 
experiment. Figure 60 shows the concentration of COD remaining at the different 
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Figure 60: COD Remaining in Solution vs. Al2(SO4)3·14H2O Concentration. 
 
The initial COD concentration for the samples varied between 25-29 mg/L. This value 
was consistent with other COD sample concentrations obtained during the ozonation and 
biodegradation experiments. The COD concentration at the aluminum sulfate dose which 
corresponded to maximum turbidity and DON removal is 25.4 mg/L with a standard 
deviation of 2.4 mg/L. This indicates that there was no significant removal of COD 
during treatment and no correlation was observed between COD and either turbidity or 
DON. 
  
In addition to DON, other nitrogenous species were also measured. Figure 61 shows the 
total dissolved nitrogen concentration in each sample with NH4
+, NO3
-, NO2




































- concentrations were below method detection limits. All NH3/NH4
+ 
concentrations appeared to remain consistent between 0.3-0.4 mg/L for increased doses 
of aluminum sulfate. TDN decreased commensurately with DON concentrations, and the 
minimum TDN (1.2 mg/L) was observed at an alum dose of 24 mg/L. This is likely due 
to larger DON molecules being enmeshed during Al(OH)3(s) formation and flocculation. 
 
Following the jar tests with varying ranges of aluminum sulfate, more tests were 
performed at a constant dose of 24 mg Al2(SO4)3·14H2O /L. This dose was selected 
because it is where maximum turbidity and DON removal were observed. Varying doses 
of the polymer Clarifloc® were added during the jar tests. Figure 62 shows the turbidity 






































Figure 62: DON and Turbidity Removal vs. Clarifloc® Concentration at Aluminum 
Sulfate Dose of 24 mg/L. 
 
DON removal at a dose of 0 mg/L polymer and 24 mg/L alum was 42%, and markedly 
higher than the DON removal (30%) for the same dose in earlier experiments (Figure 58). 
This may be due to a difference in water quality as samples were taken on different days. 
The initial pH and DON of the samples in Figure 58 were 7.8 and 1.37 mg/L, and for the 
samples in Figure 62 they were 8.05 and 1.69 mg/L. The maximum turbidity removal 
(60.3%) was observed when using a dose of 24 mg Al2(SO4)3·14H2O/L and 0.5 mg/L of 
polymer for coagulation. This corresponds to a DON removal of 53.4%. The initial DON 
concentration for this sample was 1.69 mg/L, and the final DON after jar testing was 0.82 
mg/L. At polymer doses above 0.5 mg/L, turbidity removal appeared to decrease 



























overall turbidity compared to the control receiving no coagulant or polymer. 
Interestingly, the DON removal at these doses remained constant around 55-60%, and 
DON removal did not decrease with the increasing final turbidity levels. This indicates a 
poor correlation between turbidity and dissolved organic nitrogen when the polymer was 
used, but suggests that DON removal may be associated with coagulation / flocculation 
reactions and excess polymer may add to turbidity values observed. 
 
4.6.2 Ferric Chloride 
This portion of the study focused on DON removal via coagulation and flocculation at 
various doses of ferric chloride (FeCl3) and the polymer Clarifloc®. Triplicate 
experiments were performed at all doses tested. Doses were selected based off of 
preliminary experiments to identify optimum ferric chloride concentrations for turbidity 
removal. All error bars on the following figures represent the standard deviation based on 
triplicate samples. Figure 63 shows the average turbidity and DON removed as a function 





Figure 63: DON and Turbidity Removal vs. FeCl3 Concentration. 
 
Maximum turbidity removal of 83% was observed when using a dose of 150 mg FeCl3/L 
for coagulation; however, turbidity removal at 100 and 125 mg FeCl3/L were not 
statistically different than the 150 mg/L dose. The maximum DON removal (33.8%) was 
also observed at the 150 mg FeCl3/L dose. The initial DON concentration for this sample 
was 1.24 mg/L, and the final DON after jar testing at the 150 mg FeCl3/L dose was 0.82 
mg/L. At ferric chloride doses above 100 mg/L, turbidity removal appeared to remain 
consistent at approximately 80%. At the 100 mg FeCl3/L dose, the DON removal was 
24.2% compared with the 33.8% at the 150 mg FeCl3/L dose. The consistent increase in 
both turbidity and DON removal at higher FeCl3 doses indicates a positive correlation 
exists between turbidity and dissolved organic nitrogen during FeCl3 treatment of 






























Figure 64 shows the pH as a function of coagulant dose. 
 
Figure 64: Final pH as a Function of FeCl3 Concentration. 
 
The initial pH of the sample was approximately 8.05, and the pH decreased 
commensurately with an increase in ferric chloride addition. A dose of 150 mg FeCl3/L 
decreased the pH by 2.35 units down to a final pH of 5.7. 
 
Chemical oxygen demand (COD) concentrations were also measured throughout the 
experiment. Figure 65 shows the concentration of COD remaining at different FeCl3 
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Figure 65: COD Remaining in Solution vs. FeCl3 Concentration. 
 
The initial COD concentration for the samples varied between 28-29 mg/L. This value 
was consistent with other COD sample concentrations obtained during the ozonation and 
biodegradation experiments and other coagulation / flocculation tests. The COD 
concentration at the ferric chloride dose which corresponded to maximum turbidity and 
DON removal was 16.4 mg/L with a standard deviation of 1.3 mg/L. This correlates to 
43% removal of COD at the 150 mg/L FeCl3 dose. The COD remaining in solution was 
observed to decrease with increasing doses of ferric chloride. This is not consistent with 
the trend observed when dosing with aluminum sulfate. Treatment with aluminum sulfate 
did not have a measureable effect on COD concentrations, while treatment with ferric 
chloride resulted in lower residual COD concentrations.  
  

























-, and DON stacked.  
 




- concentrations were below method detection limits. 
Ammonia/ammonium concentrations appeared to remain consistent between 0.3-0.4 
mg/L for all doses of ferric chloride that were tested. Total nitrogen decreased 
commensurately with DON concentrations. 
 
Following the jar tests with varying ranges of ferric chloride, more tests were performed 
at a constant dose of 100 mg FeCl3/L. This dose was selected because increasing doses 
above 100 mg FeCl3/L did not statistically different levels of turbidity reduction. Varying 




































Figure 67 shows the turbidity and DON removal observed at varying doses of polymer. 
 
Figure 67: DON /  Turbidity Removal vs. Clarifloc Concentration at 100 mg FeCl3/L. 
 
The maximum turbidity removal (80.8%) was observed when using a dose of 100 mg 
FeCl3/L and 0 mg/L of polymer for coagulation. This corresponded to a DON removal of 
46.8%. The initial DON concentration for this sample was 1.4 mg/L, and the final DON 
after jar testing was 0.82 mg/L. At polymer doses above 0 mg/L, turbidity removal 
appeared to decrease. At a polymer dose of 2.0 mg/L the turbidity removal was about 
63%. The DON removal appeared to decrease with increasing polymer doses, but at 2 
mg/L of polymer, the DON removal increased from 25% to about 42%. This indicates a 
poor correlation between turbidity and dissolved organic nitrogen removal when the 
polymer was used in conjunction with a 100 mg FeCl3/L. DON removal at a dose of 0 






























removal (24%) for the same dose in earlier experiments (Figure 63). This may be due to a 
difference in water quality as samples were taken at a different time on the same day. The 
initial pH and DON of the samples in Figure 63 were 8.05 and 1.24 mg/L, and for the 
samples in Figure 67 they were 8.1 and 1.4 mg/L. The DON removal rates observed due 
to coagulation and flocculation were similar to results reported in literature. For 
comparison, Table 9 summarizes maximum DON removal rates reported in literature and 
other associated water quality parameters.  













Liu et al. (2011) DW N/R 
Polyalum 
Chloride 
75 0.9 20.0% 
Lee et al. (2006) DW 7.6 
Aluminum 
Sulfate        3 
mg/L Polymer 
52 0.27 40.0% 





N/R 2.4 30.0% 











35.2 1.2 69.0% 
Czerwionka et 
al. (2014) 











Sulfate             2 
mg/L Polymer 
24 1.69 59.4% 
TMWRF (2017) 
(B) 




Ferric Chloride           
2 mg/L Polymer 
100 1.4 41.7% 
(A) DW = Drinking Water; WW = Wastewater 





The water samples used for this study were post-denitrification and pre-filtration samples 
from the Truckee Meadows Water Reclamation Facility. The largest DON removal 
(59.4%) was observed at an aluminum sulfate dose of 24 mg/L and a polymer dose of 2 
mg/L. This is larger than what was reported by Lee et al. (2006), but less than what was 
reported by Arnaldos and Pagilla (2010) (69%). The experiments performed by Lee et al. 
(2011) were on a drinking water source, and those performed by Arnaldos and Pagilla 
(2010) were post-nitrification samples from a WWTP. The differences in water quality 
factors such as pH may account for varying degrees of optimum coagulant doses and 
DON removal rates. The maximum DON removal observed (46.8%) when using ferric 
chloride during the present study occurred at a dose of 100 mg/L. Czerwionka et al. 
(2014) reported higher DON removal (55%) at larger doses of ferric chloride (300 mg/L). 
Doses greater than 150 mg/L were not explored as they caused significant pH depression 
(<6.0), and pH adjustment may be a challenge for TMWRF due to concerns about total 
dissolved solids in the effluent.  
 
4.9 Overall Comparison of Studied DON Removal Methods 
This study focused primarily on DON since is the largest portion of effluent nitrogen and 
is the main contaminant of concern in TMWRF’s effluent. Experiments were performed 
using ozone application, ozone application followed by biodegradation, and coagulation / 
flocculation with alum, ferric chloride, and polymer on samples of TMWRF effluent 
from various points in the treatment train. Biodegradation studies were performed on 
post-filtration effluent, and jar tests performed on post-denitrification effluent. Figure 68 





Figure 68: DON Removal of Various Treatment Strategies Employed. 
 
Ozonation alone resulted in an average DON transformation of 13%. This was for the 8-
liter samples that were ozonated for 30 minutes (prior to the biodegradation portion of the 
study). It is noteworthy that the nitrogen was not removed from the system, it was simply 
transformed from DON to nitrate. The DON in TMWRF’s filter effluent appeared to be 
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increased to 30%. If the effluent was subjected to ozonation with hydrogen peroxide, the 
bioavailability increased even further to 39%. In all three cases, the total nitrogen in the 
system decreased commensurately with DON removal, indicating uptake by biomass in 
the columns or conversion to N2 gas.  
 
Coagulation of TMWRF denitrification effluent with aluminum sulfate resulted in a 
maximum DON removal of 44% at a dose of 24 mg/L. With the addition of 2 mg/L of 
Clarifloc® polymer, this value increased to 59%. Approximately 47% DON was 
removed when 100 mg/L dose of ferric chloride was used as a coagulant. When 100 mg 
FeCl3/L was combined with various polymer doses, all cases resulted in decreased DON 
removal from the effluent. The maximum DON removal for ferric combined with 
polymer (41.7%) occurred at a dose of 100 mg FeCl3/L and 2 mg/L of Clarifloc® 
polymer. In all jar test experiments, the total nitrogen decreased commensurately with 
dissolved organic nitrogen, suggesting adsorption during floc formation and removal 
during the settling phase as opposed to chemical transformation.  
 
For all biodegradation and coagulation experiments, it was observed that DON and TN 
was reduced from various samples of TMWRF denitrification and filter effluent. It is 
important to note that while total nitrogen was reduced from the aqueous solution, it may 
still exist in the overall system as biomass growth (in the column experiments) or floc 
formation (in the jar tests). These by-products would still need to be removed and / or 
treated by the facility to completely remove the nitrogen from the treatment train, and 





4.8 Cost Estimation 
The cost analysis portion of this study was meant to give a conceptual-level estimate of 
some of the costs associated with replicating the DON reduction observed in the 
ozonation, biodegradation, and coagulation experiments. Planning cost estimates are 
typically developed by engineers using site specific conditions and information from 
vendors, past projects, and experience (Stanford et al., 2014). Individual estimates for 
unit process costs can vary greatly depending on assumptions made and cost items that 
are included or omitted depending on the level of detail for the cost estimate. The 
following sections survey the typical costs associated with ozone systems and 
coagulation / flocculation in water treatment facilities and then provide an estimate of the 
cost of replicating the laboratory results obtained full-scale. 
 
4.8.1 Typical Associated Costs with Ozone Application  
Ozone is used in both drinking and wastewater applications. It can be used for 
disinfection, odor control polishing, removal of trace organic contaminents (TOrCs), and 
pre-treatment of wastewater streams combined with physiochemical processes to assist in 
removal of TOrCs (Stanford et al., 2014). Depending on the specific use of ozone, the 
required dose, method of application, and contact time can all vary greatly. The overall 
cost of an ozonation system is also largely determined by the capital and operations and 





In a recent survey by Stanford et al. (2014), various conceptual-level capital and annual 
O&M cost curves were developed to aid evaluations of advanced treatment trains for 
water reuse. In developing the curves for capital cost estimates, the following costs were 
included: installation, yard piping, landscaping, electrical and control construction, 
contractor overhead / profit, contingency, engineering, legal, and administrative fees. The 
capital costs do not include unique site considerations, access to site, or ancillary process 
steps (Stanford et al., 2014). Ozone system costs include ozone generators, liquid oxygen 
systems, ozone injection or diffusers, monitors, and overall system controls (Stanford et 
al., 2014). Capital costs were prepared in 2011 dollars and adjusted to the January 2017 
Engineering News Record. O&M costs were determined assuming an electrical cost of 
$0.0988/kWh for 2011 (Stanford et al., 2014). 
 
The baseline ozone dose that was developed for the study by Stanford et al. (2014) was 3 
mg/L. It was recognized that some applications may require significantly higher or lower 
doses. Significantly higher doses were applied in the TMWRF DON study described 
here. Typical contactor times for drinking water systems are 10 to 20 minutes, but HRTs 
as low as 5 minutes are commonly used for wastewater applications (EPA, 1999). The 
O&M cost curves include energy consumption, ozone generation, and destruction. They 
do not include maintenance or oxygen delivery or production.  
 
The cost curves produced by Stanford et al. (2014) were based on data provided by 
vendors for systems ranging from 10 to 535 MGD and are used in the determination of 




shows the conceptual-level capital cost curve obtained for ozone systems. Figure 70 
shows the conceptual-level O&M cost curve for ozone systems with H2O2 addition.  
 
 
Figure 69: Conceptual-Level Capital Costs for Ozone Systems. Dashed Lines Represent 






Figure 70: Conceptual-Level Annual O&M Costs for Ozone System with H2O2. Dashed 
Lines Represent -30% to +50% Error (Stanford et al., 2014). 
 
Using the equations derived from regression lines in Figures 69 and 70, both capital and 
O&M costs for ozone systems with different design flows can be estimated within the 
range of error. Equation (1) is derived from Figure 69 and is used to determine the capital 
cost of an ozone system, and Equation (2) is derived from Figure 70 and is used to 
determine the O&M cost of an ozone system with H2O2 addition (Stanford et al., 2014).  
 
Equation (1): Capital Cost ($M/MGD) = 2.26 x (Plant Capacity, in MGD)-0.54 
 





It is important to note that these equations were derived using information for ozone 
systems delivering an estimated ozone dose of 3 mg/L. Equations are provided in the 
supplemental information in the publication by Stanford et al. (2014) to adjust the cost 
estimate for varying doses of ozone. The correction factor equations for changes in ozone 
dose are based on the following three assumptions: the ozone system costs need to be 
proportionally increased/decreased to account for changes in ozone dose, the ozone 
contactor size and other required elements of construction will not be changed as the 
volume of water being treated remains the same, and the power costs associated with 
changing the ozone dose can be extrapolated in a linear fashion (Stanford et al., 2014). 
Equations (3) and (4) can be used to determine the change in cost associated with 
different applied ozone doses. 
 
Equation (3): Δ Capital Cost ($M) = 0.0156 x (Plant Capacity, in MGD) x (r-1) 
 
Equation (4): Δ O&M Cost ($M) = 0.005 x (Plant Capacity, in MGD) x (r-1) 
 
In Equations 3 and 4, the variable “r” is the ratio of target ozone dose to the baseline 
ozone dose of 3 mg/L (Stanford et al., 2014). Using Equations 1 – 4, cost estimates for 
ozone with H2O2 application at TMWRF have been developed in Section 4.8.5.  
 
4.8.2 Applied Ozone Dose Determination 
In order to determine the amount of ozone produced by the generator at 100% voltage, 




generator. The air flow was set at a constant 2.5 liters per minute. Figure 71 shows a 
graph of results from the trial that had the best linear fit.  
 
 
Figure 71: Voltage Setting vs. Ozone Concentration Produced by Generator. 
Using the best fit line equation provided in Figure 71, it was estimated that the maximum 
concentration of ozone produced by the generator when fed pure oxygen at a voltage of 
100% is 4.83% by weight. It is important to note that this value was extrapolated and may 
contain unknown error. 
 
Ozone concentrations for the off-gas and in solution were measured for both 1-liter 
samples and also in the 8-liter samples in the HDPE containers; so as to compare results 
to the data from the DON biodegradation study. Tables 10 and 11 summarize the results 
obtained and the corresponding amount of ozone utilized during reactions with the 
dissolved components of the filter effluent sample. This was necessary since the ozone 





























detector was not able to provide readings at the 100% voltage setting used during 
experiments since O3 levels exceeded the sensor capacity. 
 
Table 10: Ozone Concentrations for 1-liter Batch Trial. 
Voltage 
(%) 
Ozone Concentration (1-liter Sample) 
Ozone Utilized by 
Reactions (g O3/hr) Applied O3 Off Gas 
In Solution 
(mg/L) 
60 1.05% 0.89% 5.40 0.36 
65 1.60% 1.29% 5.20 0.66 
70 2.12% 1.65% 6.30 1.02 
100 4.83% 3.13% 5.90 3.65 
*** Applied dose for 100% voltage was extrapolated.   
*** At 8 minutes of ozone application.    
 
Table 11: Ozone Concentrations for 8-liter Batch Trial. 
Voltage 
(%) 
Ozone Concentration (8-liter Sample) 
Ozone Utilized by 
Reactions (g O3/hr) Applied O3 Off Gas 
In Solution 
(mg/L) 
60 1.05% 0.86% 5.30 0.42 
65 1.60% 1.30% 6.10 0.64 
70 2.12% 1.63% 5.20 1.07 
100 4.83% 3.08% 5.50 3.76 
*** Applied dose for 100% voltage was extrapolated.   
*** At 8 minutes of ozone application.    
 
The two tables above represent data for only one point in time; after each sample had 
been subjected to eight minutes of continuous ozone application. The applied O3 
concentrations were the average of three other separate trials with the generator 
connected directly to the analyzer, and the dose for 100% voltage was extrapolated from 
Figure 71. For each sample size (1-liter vs. 8-liter), off-gas concentrations were similar 
and remained similar for their respective voltage setting throughout the duration of each 




measurement after one minute, but then appeared to reach a steady-state concentration 
around 5-6 mg/L and remained at this level for the duration of the experiment. This is 
similar to what was observed in earlier results from ozonation of 1-liter batch samples 
described in Sections 4.1 and 4.2.  
 
For cost estimation purposes, a value of 3.76 g O3/hr (Table 10; 100% voltage) was 
chosen in order to determine the necessary ozone production to achieve similar laboratory 
results observed in this report in a full-scale WWTP. This value is an estimation that is 
based off an applied ozone dose that has been extrapolated from other data and a 
measured off-gas concentration that is slightly out of the calibration range of the 
analyzer. For thirty minutes of continuous ozone application at 3.76 g O3/hr to an 8-liter 
sample of filter effluent that results in an essential ozone dose of 235 mg/L. This is the 
estimated dose (235 mg O3/L) that was applied to each sample feed for the columns to 
obtain the results detailed in the biodegradation study (Section 4.3). This is a very high 
dose that might not necessarily be required to achieve desired bioavailability of TMWRF 
DON. Further studies with real-time ozone analysis should be performed to validate this 
estimate. Section 4.8.3 of this report presents a cost estimation associated with this dose 
and various alternatives.  
 
4.8.3 Cost to Replicate Laboratory Results (Ozone) 
Typical ozone doses applied to wastewater treatment trains range from 1 – 5 mg/L, and 
contact times can range from 2 – 30 minutes depending on the intended purpose of ozone 




supplied 8-liter samples of TMWRF filter effluent approximately 3.76 g O3/hr for a 30 
minute time interval. This meant each 8-liter sample batch received approximately 235 
mg/L of ozone. This is a very high dose not typically observed in conventional systems. 
It is noteworthy that several data had to be extrapolated to calculate this value so there 
may be error associated with the estimate. In determining the cost estimate for DON 
removal at TMWRF, this dose was the assumed dose, but it may be possible that future 
testing or pilot-scale studies could show a lower dose (or application time) to be just as 
effective at increasing TMWRF DON biodegradability.  
 
Based on Figure 54, an average DON reduction of 43% (1.4 to 0.8 mg DON/L) was 
observed by using this ozone dose in conjunction with H2O2. This was the assumed DON 
removal rate used to calculate how much DON (lbs/day) can be removed using the ozone 
dose above. Even though DON is removed, some of the nitrogen remains in the system as 
other nitrogen species. Based on Figure 55, a maximum average TN reduction of 27% 
(1.5 to 1.08 mg TN/L) was observed during biodegradation with prior ozone and H2O2 
addition. This was the assumed DON removal rate used to calculate how much TN 
(lbs/day) can be removed using the ozone dose referenced above. This nitrogen may have 
been incorporated into new biomass; as such, it would need to be removed from the 
system for TMWRF to meet the NPDES discharge permit. Any cost associated with this 
additional treatment or recirculation is not included in this study. 
 
Equations (1) and (2) were used to develop Table 12 which details the estimated cost for 




calculated for various flow rates. The estimated cost is for an applied ozone dose of 3 
mg/L. The equations used to develop the table have an error range of -30% to +50% and 
are in 2011 dollars (Stanford et al., 2014). The equations used to develop Table 12 are for 
an applied ozone dose of 3 mg/L, but the laboratory ozone dose consumed by reactions 
was approximately 235 mg/L. This means that the amount of DON that would be 
transformed, destroyed, or made readily-bioavailable by an ozone system producing 3 
mg/L is unknown. The capital cost for 2017 was adjusted using the Engineering-News 
Record Construction Cost Index for Jan, 2017.  
 

















1 N/A N/A 2.26 0.02 2.61 0.02 
2 N/A N/A 3.11 0.03 3.59 0.03 
5 N/A N/A 4.74 0.08 5.47 0.08 
10 N/A N/A 6.52 0.15 7.53 0.15 
15 N/A N/A 7.85 0.23 9.07 0.23 
20 N/A N/A 8.97 0.30 10.36 0.30 
30 N/A N/A 10.80 0.45 12.48 0.45 
*** Data not available on DON transformation or TN removal at O3 dose of 3 mg/L. 
 
 
In order to determine the cost of an ozone system capable of reproducing the ozone dose 
of 235 mg/L observed in laboratory conditions, Equations (3) and (4) were used.  
They were used to scale-up the cost of an ozone system capable of reproducing the 
concentration of ozone used in the laboratory experiments. Table 13 summarizes these 




the DON in Table 13 is being transformed, that does not necessarily mean it is removed 
from the system.  The DON is simply being transformed into nitrate or being 
incorporated into biomass growth in conjunction with the results shown in Figure 54 
(Section 4.5). TMWRF would then need to remove the corresponding nitrogen from their 
system. The amount of DON transformed in Table 13 is based off an average initial DON 
concentration of 1.4 mg N/L and a removal rate of 43% in accordance with Figure 54 
(Section 4.5). The amount of TN removal outlined in Table 13 is based off an average 
initial TN concentration of 1.5 mg N/L and a maximum observed removal rate of 26.5% 
in accordance with Figure 55 (Section 4.5). 
 
 

















1 5 3 3.47 0.40 4.00 0.40 
2 10 7 5.52 0.80 6.38 0.80 
5 25 17 10.77 2.01 12.44 2.01 
10 50 34 18.58 4.02 21.47 4.02 
15 75 51 25.95 6.03 29.98 6.03 
20 100 68 33.09 8.03 38.23 8.03 
30 150 101 47.00 12.05 54.29 12.05 
 
 
4.8.4 Typical Associated Costs with Chemical Treatment  
Coagulants are used in both drinking and wastewater applications. They are typically 
used in drinking water to assist in removal of colloids and other NOM before disinfection 
processes (Crittenden, 2012). Depending on the specific use of the coagulant, the 




cost of a coagulation / flocculation system is also largely determined by the capital and 
operations and maintenance (O&M) expenses (EPA, 1999).  
 
In a survey by the U.S. EPA, various conceptual-level capital construction and annual 
O&M cost curves were developed to aid in cost estimation for water treatment processes 
in preliminary development (Gumerman et al., 1979). Construction and annual O&M 
costs are provided for coagulant feed systems, rapid mix tanks, and flocculation basins. 
Cost for clarifiers are not in the scope of this report, as it is assumed TMWRF would 
follow flocculation with direct filtration. The capital costs for coagulant feed systems 
include 15 days of coagulant storage, dual-head metering pumps, and all associated 
piping systems. Feed system O&M costs included power due to electrical requirements, 
maintenance material costs based on 3% of the manufactured equipment cost, and labor 
requirements. Data were not available for a ferric chloride feed system, so one for ferric 
sulfate is provided in this report. Coagulant cost was not included in the O&M costs 
provided by the EPA’s report. For rapid mix tanks the costs assume vertical shaft variable 
speed turbines, a mixing intensity of 300 rpm, and water temperature of 15°C. A sixty 
second hydraulic residence time was utilized to mimic the laboratory experiments. O&M 
costs for rapid mix include labor and maintenance material. Flocculation basin costs 
assume a rectangular-shaped, reinforced concrete structure, a 12 foot water depth, and a 
length-to-width ratio of 4:1. Drive units are variable speed, and total HRT is 15 minutes 
to replicate laboratory experiments. O&M costs are based on 3% of the manufactured 
equipment cost, and includes labor and oil changes (Gumerman et al., 1979). Capital and 




News Record. The chemical cost provided by TMWRF engineers was current as of fall, 
2016. 
 
4.8.5 Cost to Replicate Laboratory Results (Coagulation) 
The cost estimate portion of this section was performed at various flows, provided 
TMWRF wishes to implement this as a side stream process. The costs provided are for 




+ remained relatively consistent during the 
experiments, total nitrogen decreased commensurately with dissolved organic nitrogen. 
Capital and O&M costs include all those associated with coagulant feed systems, rapid 
mix tanks, and flocculation basins as described in Section 4.8.4. Costs for the coagulants 
($/gal) were supplied by a process engineer from the City of Sparks and are assumed as 
follows: Al2(SO4)3·14H2O = 1.23, FeCl3 = 0.85, and Clarifloc® = 1.07. 
 
Tables were developed for coagulant doses where maximum DON removal was 
observed. Table 14 was developed for a maximum DON removal (59% - Figure 62) at an 
aluminum sulfate dose of 24 mg/L with a Clarifloc® dose of 2 mg/L. Table 15 was 
developed for a maximum DON removal (46.8% - Figure 67) at a ferric chloride dose of 
























1 5 0.08 0.01 0.015 1.40 0.01 
2 10 0.10 0.01 0.030 1.73 0.01 
5 25 0.15 0.01 0.075 2.59 0.01 
10 49 0.20 0.02 0.151 3.38 0.02 
15 74 0.22 0.02 0.226 3.76 0.02 
20 98 0.25 0.02 0.301 4.16 0.02 
30 148 0.29 0.03 0.452 4.94 0.03 
 


















1 4 0.07 0.01 0.04 1.18 0.01 
2 8 0.09 0.01 0.09 1.55 0.01 
5 20 0.15 0.01 0.22 2.48 0.01 
10 39 0.20 0.02 0.44 3.43 0.02 
15 59 0.24 0.02 0.66 3.97 0.02 
20 78 0.27 0.02 0.88 4.52 0.02 
30 117 0.33 0.03 1.32 5.63 0.03 
 *** Capital and Annual O&M for Ferrous Sulfate. 
 
The annual cost ($1.32M) of using ferric chloride for coagulation is almost a million 
dollars greater than the cost associated with aluminum sulfate and Clarifloc® ($0.452M). 
This is likely a result of the larger dose of ferric chloride (100 mg/L) needed for effective 
DON removal compared to that of aluminum sulfate (24 mg/L) and Clarifloc® (2.0 
mg/L). In addition, the combination of aluminum sulfate and polymer resulted in greater 





At 98 lbs/day nitrogen removal using aluminum sulfate and Clarifloc®, the capital cost 
estimate was $4.16 M and the O&M cost including coagulant cost was $0.321 M. 
Comparably, to achieve 100 lb/day total nitrogen removal using a system of ozonation 
followed by biodegradation the capital cost estimate was $54 M and annual O&M was 
$12 M. The cost of ozone generators and the energy required to run them greatly exceeds 
the costs associated with a coagulation / flocculation system. This should be considered 






















Chapter 5: Conclusions and Recommendations for Future Work 
 
5.1 General 
Samples of TMWRF final and filter effluent were subject to ozone oxidation for various 
lengths of time and at various pH levels to determine the effect of ozonation on the 
dissolved organic nitrogen, chemical oxygen demand, and other nitrogenous species. 
Filter effluent samples were then pumped through biologically-active columns in order to 
determine if prior-ozonation of the effluent had any effect on the bioavailability of DON. 
The following is a summary of the findings: 
 Continuous ozonation of TMWRF effluent for twenty minutes resulted in a 
decrease in DON (13%) and COD (65%) and an increase in nitrate (13%), while 
higher pH levels did not result in any greater observable DON destruction. 
 Both samples exhibited similar amounts of DON destruction during ozonation 
(50% for TMWRF filter effluent; 45% for final effluent), and nitrate increased at 
a commensurate rate with DON reduction in all trials, which resulted in the total 
nitrogen concentration remaining unchanged. 
 Chemical oxygen demand decreased rapidly to below the method detection limit 
after approximately one hour of ozonation, but after COD concentrations were 
reduced below MDLs, there was no observable increase in DON destruction.  
 Ozonation of TMWRF filter effluent increased it’s DON and COD 
biodegradability (average observed DON removal 36%; average COD removal 
30%), while ozonation with the addition of H2O2 further increased effluent DON 





 Ozonation increased total nitrogen removal by the columns to 15%, and the 
maximum observed total nitrogen removal (26.5%) occurred when the sample 
was ozonated with hydrogen peroxide addition. 
 Columns that were inoculated post-nitrification displayed statistically similar 
COD, DON, and TN removal rates to the columns inoculated post-denitrification. 
Ozonation and biodegradation experiments were then followed by a chemical treatment 
study. Jar tests were performed on samples of TMWRF denitrification effluent (pre-
filtration) in order to determine the effect of coagulation and flocculation (with 10 
minutes of settling after flocculation) on the dissolved organic nitrogen, chemical oxygen 
demand, and other nitrogenous species. Coagulation was performed with aluminum 
sulfate, ferric chloride, the polymer Clarifloc®, and various combinations of the three. 
The following is a summary of the results obtained: 
 When the initial pH varied between 6.51-9.05 at a constant dose of 20 mg 
Al2(SO4)3·14H2O/L the maximum turbidity removal (76%) occurred at a pH of 
7.5. Higher pH values did not result in any significant change in turbidity 
removal, and lower pH values (≤ 6.5) resulted in less turbidity removal. 
 Maximum DON removal (59%) occurred at a dose of 24 mg Al2(SO4)3·14H2O/L 
and 2.0 mg/L polymer. 
 At polymer doses above 0.5 mg/L, turbidity removal appeared to decrease 
markedly. Higher doses of polymer addition (>1.0 mg/L) resulted in an increase 
in overall turbidity compared to the control receiving no coagulant or polymer. 




and DON removal did not decrease with the increasing final turbidity levels.  
 Maximum turbidity removal of 83% was observed when using a dose of 150 mg 
FeCl3/L for coagulation; however, turbidity removal at 100 and 125 mg FeCl3/L 
were not statistically different than the 150 mg/L dose.  
 Higher doses of ferric chloride resulted in greater DON removal (24% at 100 mg 
FeCl3/L and 34% at 150 mg FeCl3/L), and when 100 mg/L ferric chloride was 
combined with various doses of polymer (0.5, 1.0, and 2.0 mg/L) turbidity 
removal and DON removal both decreased. 
 All other nitrogenous species (NO3-, NO2-, and NH4+) remained relatively 
constant during and after all jar tests. 
Chemcial treatment with various coagulants and ozonation with biodegradation both 
resulted in organic nitrogen removal from TMWRF’s effluent. For approximately 100 
lbs/day of total nitrogen removed, the capital & O&M costs associated with aluminum 
sulfate and Clarifloc® treatment were $4.16 M and $0.321 M, respectively. This is 
significantly lower than the capital cost estimates to remove the same amount of total 
nitrogen with ozonation / biodegradation. 
 
5.2 Future Work  
 
The results from the column tests exhibiting the potential for DON and TN reduction via 
biodegradation were obtained with a continuous supply of ozone. After determining the 
ozone production by the generator, off-gas concentrations, and ozone concentrations in 




mg/L (7.83 mg/L/min). This is a very large dose that would require an estimated annual 
O&M cost of 0.40 million dollars per MGD of wastewater treated. Future studies should 
focus on optimizing the ozone dose. 
 
A pilot-scale study should be performed with a real-time ozone supply and a better ozone 
delivery system with off-gas measurements. More efficient ozone delivery systems would 
ensure a greater percentage of the ozone applied goes towards the desired reactions rather 
than wasted as off-gas. With the more efficient instrumentation, future studies need to be 
performed at more reasonable ozone doses with a focus on the change in DON 
biodegradability over time. The filter effluent samples used to obtain the results from the 
biodegradation portion of this report were subjected to continuous ozone application for 
30 minutes. However, it is unknown at exactly what ozone dose the biodegradability of 
DON and TN removal reported were achieved.  Lower doses of ozone or a lower contact 
time might still be able to produce effluent samples with similar DON biodegradability as 
those observed in this study. In addition to ozone dose optimization, column operation 
should also be optimized. 
 
The column tests performed were performed on a small lab-scale as a proof of concept 
study. In order to assess the feasibility of utilizing full-scale biologically active filters, a 
pilot-scale study should be performed. Various types of media and empty bed contact 
times may also result in greater DON or TN removal. After inoculation during the 




studies were not performed. Further study and a better understanding on their influence 
on DON dynamics may assist in developing a plan for nitrogen removal.  
 
Similar to the ozonation / biodegradation experiments, jar tests were also performed on a 
small lab-scale proof as a proof of concept. The rapid mix cycle was set at 300 rpm for 1 
minute, followed by flocculation at 15 rpm for 10 minutes and 10 rpm for 5 minutes. The 
samples were then allowed 10 minutes of settling. Future studies should vary the mixing 
parameters and settling time as these may not be optimal.  
 
DON removal increased with increasing ferric chloride dose; however, a maximum DON 
removal with ferric chloride alone was never established. Future jar tests could be 
performed with higher (>150 mg/L) doses of ferric chloride.  
 
Any chemical addition and flocculation at Truckee Meadows Water Reclamation Facility 
would be followed by sand filters. It is unclear what effect the additional floc created 
from coagulation would have on the current established filtration process. Lab-scale 
studies should be performed using granular media collected from TMWRF with 
supernatant and floc formed during jar tests. Furthermore, the addition of metal salts into 
the process train at TMWRF would result in an increase in total dissolved solids. The 
resulting concentration of TDS should also be measured in any further laboratory studies 
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